This paper presents a table with estimates of the absolute magnitude of the Sun and the conversions from vegamag to the AB and ST systems for several wide-band filters used in ground and space-based observatories. These estimates use the dustless spectral energy distribution (SED) of Vega, calibrated absolutely using the SED of Sirius, to set the vegamag zero-points and a composite spectrum of the Sun that coadds space-based observations from the ultra-violet to the near infrared with models of the Solar atmosphere. The uncertainty of the absolute magnitudes is estimated comparing the synthetic colors with photometric measurements of solar analogs and is found to be ∼ 0.02 magnitudes. Combined with the uncertainty of ∼ 2% in the calibration of the Vega SED, the errors of these absolute magnitudes are ∼ 3-4%. Using these SEDs, for the three of the most utilized filters in extragalactic work the estimated absolute magnitudes of the Sun are M B = 5.44, M V = 4.81 and M K = 3.27 mag in the vegamag system and M B = 5.31, M V = 4.80 and M K = 5.08 mag in AB.
INTRODUCTION
Several astrophysical quantities, such as the masses and luminosities of stars and galaxies are often described in terms of solar units. The luminosity density (the integral of the luminosity function) is even more specific as it is usually expressed in terms of solar luminosities within a given photometric band (e.g., B or K). The consistent absolute calibration of flux measurements is still an essential endeavor in astrophysics, because of the expansion of wavelength coverage and ever increasing sensitivity of instruments both from the ground and space (see Bohlin et al. (2014) for a comprehensive review). Because the first catalogs of stellar photometry used Vega as the prime calibrator (Johnson & Morgan 1953; Johnson 1955 Johnson , 1966 , magnitudes are commonly referred to that star. However, to overcome the effects of dust and molecular lines on stellar spectra which are difficult to model, there has been a shift to adopt either the Corresponding author: Christopher N. A. Willmer cnaw@as.arizona.edu AB system of Oke & Gunn (1983) , where the calibrating spectrum is flat in f ν or the ST system (Bessell et al. 1998; Synphot 1998) , for a flat spectrum in f λ . Both, in their turn, can be referred to observations of white dwarfs, which are calibrated through stellar models and ultimately through the use of laboratory reference standards .
Previous compilations of the Sun's absolute magnitude were published by Binney & Merrifield (1998) for the Johnson-Cousins-Glass system and Blanton et al. (2003) for the Sloan Digital Sky Survey (SDSS) filters redshifted to z=0.1 in AB magnitudes. Engelke et al. (2010) calculate the apparent magnitude of the Sun for several filters including the Johnson-Cousins (U BV RI), 2MASS (JHK), and Spitzer IRAC 8µm and MIPS 24 µm which can be easily converted into absolute magnitudes. The conversion constants between the vegamag system, where the absolute calibration is referred to Vega and the AB (Oke & Gunn 1983 ) and ST (Bessell et al. 1998; Synphot 1998) systems for different filters are less common to find, and the most extensive compilation of the vegamag to AB measurements was published by Fukugita et al. (1995) . The aim of this paper is to provide a handy reference for the absolute magnitude of the Sun in several filters used primarily by large surveys, and the additive constants (i.e., the magnitude of Vega) that transform vegamag into the AB and ST systems. This is done using recent determinations of the spectral energy distribution (SED) of Vega and the Sun derived from space-based observations combined with models of the atmospheres of these stars. This paper is organized as follows: Section 2 describes the filter curves, the measurement of synthetic magnitudes and the determination of the vegamag zero-points; Section 3 describes the construction of the solar spectrum and a summary concludes in Section 4.
FILTER CURVES AND SYNTHETIC MAGNITUDES
The filter profiles were compiled from the literature, e.g., Tonry et al. (2012) ; Mann & von Braun (2015) , or downloaded from the databases of observatories or surveys, e.g., JWST, Dark Energy Survey. The filter profiles include the throughput due to the telescope, instrument optics and detector quantum efficiency (e.g., HST and JWST filters). In the case of HST filters, the latest files available in the synphot database 1 were used. Most of the filters used in the ground-based observations, e.g., Sloan Digital Sky Survey (Gunn et al. 1998 ), Pan-STARRS (Tonry et al. 2012) , also include a contribution due to the Earth's atmosphere. As the JWST Mid Infra Red Instrument (MIRI) filter response curves of Glasse (2015) only contain the instrument throughput, these were multiplied by the expected JWST mirror reflectance as provided by the STScI NIRCam Team.
The reconstruction of the full system throughput using CCD photometry for the U , B, V bands of Johnson & Morgan (1953) and Johnson (1955) , and R and I of Cousins (1976) , which were measured using photo-electric photometers has been addressed in several works among which Maíz Apellániz (2006), Bessell & Murphy (2012, hereafter BM12) and Mann & von Braun (2015) . In the latter work, the authors re-determine the profiles of 39 filters (U , B, V , R and I among them) using spectroscopic libraries from the HST/STIS and IRTF/SPEX instruments, which provide coverage from the UV shortwards of the atmospheric cutoff to the Near-Infrared. In their comparison with BM12, Mann & von Braun (2015) find agreement within 2% for most filters, a notable exception being U , which shows a 5% difference, which they trace to the use by BM12 of the MILES library (Falcón-Barroso et al.
1 http://www.stsci.edu/hst/observatory/crds/throughput.html 2011), which has a less extensive U coverage than the STIS spectroscopy used by Mann & von Braun (2015) .
The wavelength limits of filter curves adopted in this work are set by the wavelengths where the system throughput reaches below 10 −4 of the peak value. The filters are normalized by the maximum value and then resampled using linear interpolation as using spline interpolations can introduce spurious features in filters that do not have smooth curves (e.g., 2MASS).
The calculation of synthetic magnitudes follows BM12 eq. A11:
where f λ (λ) is the stellar flux density in erg cm −2 s −1Å−1 , R(λ) the product of the detector quantum efficiency × filter throughput × unitless fractional transmission of the total telescope optical train and zp is the zero-point correction for a given magnitude system. The integral is calculated at each filter wavelength by determining the stellar flux value using linear interpolation.
The AB system is defined such that the zero-point flux density for every filter is 3631 Jy, corresponding to a zp = 48.60. For the ST system the zp = 21.10 and is defined such that the magnitude of Vega in the (Johnson) V band is +0.03 (Bessell et al. 1998) . In both cases these zero-points assume the standard calibration spectrum is flat either in frequency (AB) or wavelength (ST) (Synphot 1998).
In the case of the Johnson (1966) U BV RI or vegamag (Synphot 1998) system, the zero point is defined from the colors of several A stars, and because of this, Vega has a small magnitude offset in all bands that must be accounted for when using its spectrum as a flux standard (Rieke et al. 2008) . However, the finding that Vega's spectrum shows the presence of a debris disk (Aumann et al. (1984) ; Rieke et al. (2008) ; Su et al. (2013); Bohlin (2014) ), and that in addition is a rapid rotator (Peterson et al. 2006) , limits the ability of theoretical models of matching its SED, and have prompted the search of other AV stars to serve as spectral flux standards, e.g., Cohen et al. (1992) ; Bessell et al. (1998) ; Engelke et al. (2010); Bohlin (2014) .
The use of Sirius as a flux standard for the infrared was initially proposed by Cohen et al. (1992) , and adopted by Bessell et al. (1998) and Engelke et al. (2010) . A detailed analysis of the SED of Sirius was done by Bohlin (2014) who created a template combining IUE and HST/STIS spectra for wavelengths between ∼ 0.15 µm and 1.0 µm with a Kurucz model of Sirius to 300 µm. Bohlin (2014) found the STIS measurements agree to better than 1% with the Kurucz model and that this model also shows good agreement (∼ 2%) with infrared photometry obtained by the Midcourse Space Experiment (MSX) satellite. Based on these results, Bohlin (2014) concluded that Sirius can be used as standard calibrator for the infrared and its composite spectrum is available in the CALSP EC database (sirius stis 002.fits). Once adopting Sirius as the flux standard, Bohlin (2014) re-normalized the Vega composite dust-free template spectrum that combines IUE and STIS observations of Vega with two Kurucz models for Vega with T=9550K (for the extreme UV) and T=9400K (for the visible-far IR) (Bohlin 2014) , which is file alpha lyr stis 008.fits in the CALSP EC database. Other AV templates have been defined using models and observations. Rieke et al. (2008) constructed a dustless A0V template using the Kurucz (2005) model of Vega and normalizing the spectrum in the infrared after correcting for the contribution of the debris disk. By means of a detailed comparison with the photometry of A dwarfs and solar analogs Rieke et al. (2008) showed that this A0V template as well as the solar SED they calculated in the same paper give consistent calibrations the infrared. An AV template combining ground-based observations of 109 Vir with the average NICMOS observations for eight A type stars, ISO observations of Sirius (from 2.4 to 9.4 µm) and beyond 9.4 µm, a Kurucz model spectrum for Sirius was compiled by Engelke et al. (2010) who find that the calibration uncertainties are 2%. The final template considered here is the A1V star BD+60 1753, which is one of the IRAC calibrators (Reach et al. 2005 ) that has a CALSP EC spectrum bd60d1753 stis 004.fits which combines HST/STIS observations from 1140Å to 10120Å with BOSZ models beyond 10120Å (Bohlin et al. 2017) .
A comparison between colors measured using the Bohlin (2014) alpha lyr stis 008.fits spectrum of Vega as standard (which will be zero by definition) with those of the AV templates discussed above is shown Table 1 . Column (1) identifies the photometric color, column(2) the synthetic color measured using the Sirius spectrum of Bohlin (2014) followed in column (3) by photometric measurements of Sirius in Bessell et al. (1998) . Column (4) shows the synthetic photometry colors for BD+60 1753, while column (5) shows measurements for this star available in Høg et al. (2000) and the NASA/IPAC Infrared Science Archive (2010) archive. Columns (6) and (7) show the synthetic colors measured for the Rieke et al. (2008) and Engelke et al. (2010) templates respectively. The average difference between the synthetic and observed colors of Sirius and BD+60 1753 are -0.006 ± 0.010 and and 0.007 ± 0.028 respectively. The mean difference between the synthetic Figure 1 . Composite spectrum of the Sun, combining the observed spectrum of Haberreiter et al. (2017) to 2.0 µm, the Fontenla et al. (2011) model between 2.0 µm and 100 µm and the Kurucz model sun mod 001.fits from 100 µm to 300 µm. The data used to create this figure are available in the online journal.
colors measured for the four templates and the Vega SED are 0.018 magnitudes and with a dispersion of the same order of magnitude ( 0.024 magnitudes). These results suggest that the calibration uncertainty introduced by using the CALSP EC spectrum of Vega is ∼ 2%.
In this work the vegamag magnitudes are calculated using the Vega SED of Bohlin (2014) (alpha lyr stis 008.fits in the STScI CALSP EC database), assuming a Vega magnitude of V=0.03 (BM12).
THE SOLAR SPECTRUM
The solar SED used here also combines observations with model spectra. The observed spectrum is a composite calculated by Haberreiter et al. (2017) using data from over 20 space-based instruments for an arbitrary date (2008-Dec-19, JDN=2454820) during the solar minimum. Spectra for other dates around the solar minimum show no significant change relative to the spectrum adopted here. Haberreiter et al. (2017) use a probabilistic approach to combine observations at each time step weighting the spectra by their uncertainties and accounting for fluctuations over time between different instruments at the same wavelength. The absolute calibration is set by using the AT LAS 3 composite spectrum of Thuillier et al. (2004) , and constraining the Total Solar Irradiance (TSI) to the value measured for each day by Dudok de Wit et al. (2017) . The observed composite ends at ∼ 2.0 µm, and to extend the SED into the infrared the model spectra of Fontenla et al. (2011) and Kurucz (2011) are used. The Fontenla et al. (2011) model uses the Solar Irradiance Physical Modeling (SRPM) system to produce solar irradiance spectra from 0.012 µm to 100 µm through a combination of non-LTE models with semi-empirical physical models derived from observed spectra to produce the solar SED. The Fontenla et al. (2011) spectrum was scaled by the bi-weight average (Beers et al. 1990 ) ratio between the Haberreiter et al. (2017) composite and the model for wavelengths between 1.8 µm and 2.0 µm (1.0299 ±0.0074). Beyond 100 µm the special Kurucz model at R=5000 calculated for the CALSP EC database (sun mod 001.fits, Kurucz (2011) ) is used, and to eliminate any discontinuities in the transition between source spectra, the bi-weight ratio between the re-normalized Fontenla et al. (2011) and Kurucz models calculated between 90 µm and 100.0 µm (0.9940 ± 0.0073), was used to scale the latter. Fig 1 shows the composite spectrum. Figure 2 shows the ratios between this composite spectrum with other determinations in the literature - Rieke et al. (2008) ; Thuillier et al. (2004) ; Woods et al. (2009) . Also shown is a comparison with the solar analog P330E after scaling its spectrum to have the same flux density as the composite at 2.2 µm (8.58593 erg cm −2 sec −1Å−1 ). The ratios being plotted are calculated at each tabulated wavelength of the source spectrum and estimating the composite's flux using linear interpolation. The SED ratios are very close to 1 (0.998, 1.005, 0.993 and 1.017 for Rieke et al. (2008); Thuillier et al. (2004) ; Woods et al. (2009) and P330E respectively) and dispersions of 0.037 or better, in all cases using the bi-weight estimator. The rms fluctuations range from Woods et al. (2009) and the solar analog P330E from the STScI (2017a) database, normalized to have the same flux as the composite spectrum at 2.2 µm. The vertical line is located at λ = 2.2 µm. The spikes seen in these ratios are caused by small mismatches in the wavelengths and resolutions of the spectra. Differences of the order of ∼ 5% can be seen in the rations between spectra. The Rieke et al. (2008) spectrum between 2.2 µm and 20 µm where the Engelke (1992) approximation is used is systematically fainter than the Fontenla et al. (2011) models, while shortward of 2.2 µm the agreement with the composite adopted here is very good. The spectrum of P330E is systematically brighter than the composite used here for wavelengths longer than ∼ 2 µm. 0.02 for the Rieke et al. (2008) solar spectrum, to 0.22 in the case of P330E.
The comparison between colors estimated using the solar composite spectrum with measurements by Ramírez et al. (2012) and Casagrande et al. (2012) of solar analogs is presented in Table 2 . The average difference in colors for (composite -solar analogs) is -0.018 ± 0.030 magnitudes, suggesting that the composite spectrum shows consistent measurements both in the UVvisible and the infrared. Table 2 also compares the colors of the new composite with measurements using the Rieke et al. (2008) The estimated errors in the solar magnitudes change as a function of wavelength due to the uncertainty on the absolute calibration using the Vega and Solar SED ∼ 2-3% (Rieke et al. 2008; Bohlin 2014) . These added in quadrature result in uncertainties ∼ 3% over the range covered by solar analogs. These can become larger (∼ 5%) as one transitions towards the Mid-Infrared due to the difficulty in calibrating the space-based instruments in this wavelength range, e.g., Fontenla et al. (2011) .
To derive the Sun's absolute magnitudes, the IAU 2012 definitions of the astronomical unit (AU) (Prša et al. 2016 ) and parsec were used, giving a distance modulus for the Sun of -31.5721 magnitudes. To rationalize the use of solar constants, the IAU in 2015 adopted a nominal value for the Sun's luminosity L odot = 3.828×10 8 W (Prša et al. 2016) , which corresponds to an average TSI of 1361 W m −2 at 1 AU and an absolute bolometric magnitude of M Bol =4.74. Table 3 lists in columns (1) the filter, (2), (3) and (4) the absolute magnitude of the Sun in the vegamag, AB and ST systems, in columns (5) and (6) and (7) the apparent magnitude in vegamag, AB, ST; in columns (8) and (9) tabulates the offsets between the vegamag and AB and vegamag and ST systems followed in column (10) by the pivot wavelength and in column (11) the source of the throughput curves, identified in the table notes. 
SUMMARY
This work uses the dust-free composite spectrum of Vega with the absolute calibration set by Sirius, both due to Bohlin (2014) , to calculate a table with the absolute magnitude of the Sun and the conversion between the vegamag and the AB and ST systems for several filters used in ground and space-based observatories. The solar SED used in this paper is a composite combining space-based spectra of the Sun from the ultra-violet to the near-infrared (Haberreiter et al. 2017) , with models of the solar atmosphere out to 300 µm (Fontenla et al. 2011; Kurucz 2011) . For the set of Johnson (U , B, V ) and Cousins (R and I) filters, which are originally characterized using photoelectric photometry, filter curves reconstructed using Monte Carlo methods by Mann & von Braun (2015) are used. To verify the consistency of the synthetic spectra measured using the composite spectra of Vega and the Sun, the colors measured for these SEDs are compared with photometric measurements of AV stellar templates and solar analogs respectively. The comparison between colors calculated for the Vega SED and AV stars shows absolute offsets < 0.01 magnitudes and a dispersion < 0.03 magnitudes, consistent with the estimated uncertainty at the 2% level for the Vega SED by Bohlin (2014) . The comparison between colors measured with the solar composite and the solar analogs of Ramírez et al. (2012) and Casagrande et al. (2012) shows an offset of ∼ -0.02 ± 0.03 magnitudes. Assuming the errors are equally distributed, this translates to an average uncertainty of ∼ 2% for the solar SED. Adding in quadrature the uncertainty in the calibration of both spectra translates to errors ∼ 3-4% for the solar absolute magnitudes. APPENDIX A. FILTER PARAMETERS As shown by Rieke et al. (2008) and BM12, there are a number of definitions used to characterize filter properties and frequently the names associated to these are inconsistent in the literature (BM12). For convenience the expressions used to calculate the filter parameters are presented here and the reader is referred to Appendix E of Rieke et al. (2008) , the Appendix of Bessell & Murphy (2012) and the review of Bohlin et al. (2014) for more detailed discussions on the determination, history and naming of these definitions.
The following characteristic wavelengths are only dependent on the filter shape. The mean photon wavelength (Bessell & Murphy 2012) , also called mean wavelength by (Tokunaga & Vacca 2005) and mean or effective wavelength Rieke et al. (2008) is defined as
The mean flux of a source within the band is defined as
The nominal wavelength of Rieke et al. (2008) is called mean energy wavelength by Bessell & Murphy (2012) :
while Reach et al. (2005) define the nominal wavelength as
and in both cases minimize the color correction in a given band (Reach et al. 2005; Rieke et al. 2008) . The pivot wavelength
is the wavelength where f λ λ 2 pivot c = f ν , and f λ or f ν are the mean flux density within the band. The following characteristic wavelengths also take into account the flux density of the source (f λ ). As noted by BM12 there are a multiplicity of definitions for the effective wavelength and they propose this as the standard:
The wavelength where the monochromatic flux of a source is equivalent to the average flux of the source within the band is defined as the isophotal wavelength (Cohen et al. 1992; Tokunaga & Vacca 2005; Rieke et al. 2008) , BM12:
Because this measurement can be affected by the instrumental resolution and the presence of stellar lines (Rieke et al. 2008) , when calculating the isophotal wavelength one may need to smooth the spectrum prior to the calculation (Bessell & Murphy 2012) , use a continuum model or interpolate over spectral lines (Rieke et al. 2008; Cohen et al. 1992) .
The bandwidth is defined as the integral of the normalized transmission (Budding 1993) , and the following definition is adopted by Rieke et al. (2008) and Mann & von Braun (2015) (where it is called effective width):
The average system response is
For NIRCam filters tabulated in STScI (2017b) , an effective response is adopted where
The vegamag zero-point is defined as
while the flux at zero magnitude is calculated by using the spectrum of Vega (corrected to have zero magnitude in all bands) such that
converted into Jansky, where c is the speed of light. Table 4 shows these parameters calculated for the filters used in Table 3 , where the BM12 naming is used. The table lists in column (1) the filter name, in column (2) the mean photon wavelength,column (3) the pivot wavelength,column (4) the effective wavelength column (5) the nominal wavelength using the Rieke et al. (2008) definition; column (6) the nominal wavelength using the Reach et al. (2005) definition; the isophotal wavelength using the Rieke et al. (2008) column (7) and BM12 column (8) definitions. Column 9 shows the wavelength range, column (10) the bandwidth, column (11) the full width at half-maximum, column (12) the filter response. The zero-point for vegamag follows in column (14), the corresponding flux density in erg s −1 cm −2Å−1 , and in Jansky in column (15).
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